Introduction
============

In herbal medicine, ginseng is very widely used as a folk medicine in the eastern countries \[[@B1]\]. Ginsenosides, ginseng saponins, are the main molecules responsible for the actions of ginseng and more than twenty types of different ginsenosides have been identified \[[@B2]\]. According to the behavioral studies, spinal ginsenosides attenuated several types of nociception in animals \[[@B3]-[@B6]\]. Several lines of evidence indicated that ginsenosides modulated Ca^2+^ channels, thereby leading to the antinociceptive effect \[[@B7],[@B8]\]. On the other hand, alpha-2, muscarinic and opioid receptors were insensitive the antinociceptive effect of ginsenosides \[[@B7],[@B9]\]. However, recent studies demonstrated the involvement of alpha-2 and opioid receptors on the antinociceptive action of ginsenosides in the spinal cord \[[@B5],[@B6]\]. Furthermore, a previous study reported the contribution of spinal muscarinic receptors to the activity of intrathecal ginsenosides \[[@B10]\]. Muscarinic receptors play an important role in the modulation of nociception in the spinal cord \[[@B11],[@B12]\]. Five subtypes of muscarinic receptors (M1-M5) were identified and characterized \[[@B13]-[@B15]\].

Intrathecal neostigmine reduced various nociceptive states through the action on spinal muscarinic receptors \[[@B16]-[@B21]\].

In clinic, the combination of drugs has been generally used because it may provide a decreased dose of one drug or an increased maximum achievable effect.

Therefore, the aim of the present study was to determine the characteristics of the drug interaction between intrathecal ginsenosides and neostigmine in the formalin test, which is characterized by two different nociceptive states, acute nociception followed by a facilitated state. In addition, we sought to further clarify the role of muscarinic receptor subtypes on the antinociceptive effects of ginsenosides at the spinal level.

Materials and Methods
=====================

Animal preparation
------------------

The studies were reviewed and approved by The Institutional Animal Care and Use Committee. Adult male Sprague-Dawley rats weighing 250-300 g were used in all experiments. They were individually kept in a temperature-controlled room (22 ± 0.5℃) in which an alternating 12 h light/dark cycle was maintained. Food and water were sufficiently provided at all times. Under sevoflurane anesthesia, a rat was fitted in a stereotaxic head holder and then a polyethylene-10 catheter was inserted into the subarachnoid space through an incision in the atlantooccipital membrane and advanced caudally 8.5 cm to reach the lumbar enlargement \[[@B22]\]. The exterior end of the catheter was tunneled subcutaneously and externalized on the top of head and sealed with a piece of steel wire. The skin was closed with 3-0 silk sutures. After intrathecal catheterization, rats showing neurologic deficits were euthanized immediately with volatile anesthetics, while normal rats were kept in individual cages. Behavioral studies were performed at least 4-5 days following intrathecal catheterization.

Drugs
-----

The following drugs were used in this study: ginsenosides, neostigmine bromide (Sigma Aldrich Co., St. Louis, MO, USA), pirenzepine dihydrochloride (Sigma), methoctramine tetrahydrocholoride (Sigma), 4-DAMP (diphenylacetoxy-N-methypiperidine, Sigma), tropicamide (Sigma). Ginsenosides were kindly provided by the Korea Ginseng and Tobacco Research Institute (Daejon, Korea). Ginsenosides were dissolved in dimethylsulfoxide (DMSO). The drugs, except ginsenosides being dissolved in dimethylsulfoxide (DMSO), were dissolved in normal saline. All drugs were intrathecally administered in a volume of 10 µl solution, followed by an additional 10 µl of normal saline to flush the catheter using a hand-driven, gearoperated syringe pump.

Nociceptive test
----------------

The formalin test was carried out as a nociceptive behavioral test \[[@B8]\]. Subcutaneous injection of 50 µl of 5% formalin solution was performed into the plantar surface of the hind paw using a 30 gauge needle. The rat displayed inherent abnormal behavior following formalin injection as follows a rapid and brief withdrawal or flexion of the injected paw. This peculiar behavior was called as flinching response and regarded as a painful response. Such pain behavior was therefore quantified by periodically counting the number of flinching of the injected paw. The number of flinches was counted for 1 min periods from 1 to 2 min, 5 to 6 min and every 5 min from 10 to 60 min. Because of the biphasical pattern of the flinching response after formalin injection, the interval from 0-9 min and the interval from 10-60 min were divided into phase 1 and phase 2 of the formalin test, respectively. Upon completion the test, the rats were euthanized with volatile anesthetics.

Study design
------------

After acclimatization for 15-20 min in a restraint cylinder, the rats were randomly allocated into one of the drug-treatment groups. The control study was done using intrathecal DMSO (n = 8) or saline (n = 8), depending on the solvent for the agents. Each rat was used only once. The laboratory worker performing the behavioral test was unaware of drug-treatment of animal.

Effects of ginsenosides and neostigmine
---------------------------------------

For examination of the time course and the dose-dependency of the antinociceptive effect of ginsenosides \[30 (n = 7), 100 (n = 7), 300 µg (n = 7)\] and neostigmine \[0.1 (n = 6), 0.3 (n = 7), 1 (n = 7), 3 µg (n = 7)\], each agent was intrathecally administered. The formalin test was performed 10 min after drug delivery. The ED~50~ value (effective dose producing a 50% reduction in control formalin response) for the drugs was calculated separately in each phase.

Drug interaction
----------------

Isobolographic analysis \[[@B9]\] was used to assess the characteristics of pharmacologic interaction between ginsenosides and neostigmine in the formalin test. This method is based on the comparison of doses determined to be equieffective. At first, each ED~50~ value was determined from the dose-response curves of agents alone. Next, ginsenosides and neostigmine were intrathecally coadministered at a dose calculated using the ED~50~ (n = 12) values and fractions \[1/2 (n = 13), 1/4 (n = 12) and 1/8 (n = 12)\] of ED~50~ for each drug. The ED~50~ values of the mixture were calculated from the dose-response curves of the combined drugs, and the combinations were used to plot the isobologram. The isobologram was constructed by plotting the ED~50~ values of the single agents on the X- and Y-axes, respectively. The theoretical additive dose combination was then calculated. From the variance of the total dose, the individual variances for the combined agents were obtained. Moreover, a total fraction value was calculated to describe the magnitude of the interaction.

The fraction values indicate what portion of the single ED~50~ value was accounted for by the corresponding ED~50~ value for the combination. Values near 1 indicate an additive interaction, values greater than 1 indicate an antagonistic interaction and values less than 1 indicate a synergistic interaction. The formalin test was done 10 min after coadministration of two drugs and the pharmacologic characteristics was evaluated in phase 1 and phase 2, respectively.

Muscarinic receptor subtypes and ginsenosides
---------------------------------------------

Exploration of the possible interaction between ginsenosides and muscarinic receptors was conducted. Accordingly, several muscarinic receptor antagonists were intrathecally administered 10 min before the delivery of ginsenosides (300 µg). The muscarinic receptor antagonists used in this study were as follows: M1 receptor antagonist, pirenzepine (20 µg, n = 11); M2 receptor antagonist, methoctramine (30 µg, n = 10); M3 receptor antagonist, 4-DAMP (20 µg, n = 10), M4 receptor antagonist tropicamide (10 µg, n = 10). The kinds and the maximal doses of four muscarinic antagonists were selected based on their lack of significant effect on the control formalin response from the previous studies \[[@B21],[@B23],[@B24]\] and our preliminary experiments. The formalin test was conducted 10 min after administration of ginsenosides. The reversal effect was examined in phase 1 and phase 2, respectively.

General behavior
----------------

The behavioral change of ginsenosides and neostigmine was examined in separate rats (n = 10). They received the highest doses of the two drugs used here, and examined for 60 min after intrathecal administration. Motor functions were assessed by examining the righting and placing-stepping reflexes \[[@B21]\]. The former was evaluated by placing the rat horizontally with its back on the table, which normally gives rise to an immediate coordinated twisting of the body to an upright position. The latter was evoked by drawing the dorsum of either hind paw across the edge of the table. Normally, rats try to put their paws forward into a position for walking. Pinna and corneal reflexes were evaluated with a paper string \[[@B21]\]. Each reflex was evoked by stimulation of the ear canal or the cornea with a paper string. Normal rats spontaneously shaked their heads or blinked, respectively. The change of all reflexes was observed.

Detection of muscarinic receptors expression
--------------------------------------------

Muscarinic receptor subtypes (M1, 2, 3, and 4) mRNA expression was measured in the dorsal spinal cord of naïve (n = 4), formalin-injected (n = 8), and ginsenosides-delivered rats (n = 8) using reverse transcriptase polymerase chain reaction (RT-PCR). Ginsenosides (300 µg) were administered intrathecally 10 minutes before the formalin test. At 5 and 35 min after formalin injection, rats were killed by decapitation and the spinal cord was quickly removed and stored at -80℃. The area of the spinal cord from L4 to L6 was dissected and total RNA was extracted with RNAiso Plus (Takara Bio, Otsu, Japan) according to the manufacturer\'s instructions, precipitated with isopropanol, washed with 75% EtOH, air-dried, and dissolved in 20 µl of DEPC-treated water. The yield of the RNA was determined by measuring the absorbance of an aliquot at 260 and 280 nm. RT-PCR was performed using a PrimeScript™ RT-PCR Kit (Takara Bio, Otsu, Japan) according to the manufacturer\'s protocol. Total RNA (1 µg) was reverse transcribed for 60 min at 42℃. Using HS Prime Taq Premix (GENET BIO, Nonsan, Korea), PCR amplification was performed in 34 cycles of denaturation (95℃ for 60 sec), annealing (see [Table 1](#T1){ref-type="table"} for subunit-specific temperatures), and extension (72℃ for 90 sec). Previously published primer sets used for the rat muscarinic receptors were described in [Table 1](#T1){ref-type="table"} \[[@B25]\]. β-actin, forward-5\'-TCA GGT CAT CAC TAT CGG CAAT-3\' reverse-5\'-AAA GAA AGG GTG TAA AAC GCA-3\' (432 bp). The PCR products were separated on 1.5% agarose gels and visualized by SYBR Safe DNA gel stain. The intensity of the bands was measured by densitometry, and the relative value of the muscarinic receptor subtypes to the β-actin band was calculated in every sample.

Statistical analysis
--------------------

Data are expressed as means ± SEM. The time response data are presented as the number of flinching response. The dose-response data are presented as a percentage of the control in each phase. The numbers of flinching response were converted to a percentage of the control in order to calculate the ED~50~ values of each drug. Percentage of the control = \[(Sum of phase 1(2) count with drug) / (Sum of control phase 1(2) count)\] × 100. The dose-response data were analyzed using one-way analysis of variance (ANOVA) with Scheffe for *post hoc*. The dose-response lines were fitted using least-squares linear regression and the ED~50~, and its 95% confidence intervals were calculated using the method reported by Tallarida and Murray \[[@B26]\]. The difference between theoretical ED~50~ and experimental ED~50~, the antagonism of ginsenosides and RT-PCR data were analyzed by t-test. A P \< 0.05 was considered significant.

Results
=======

The control groups exhibited a typical biphasic flinching response of the injected paw after the formalin injection. And the sum of the number of flinches did not differ from each other in both phases (saline: DMSO; 18 ± 2: 17 ± 1 in phase 1, 142 ± 6: 143 ± 14 in phase 2).

[Fig. 1](#F1){ref-type="fig"} exhibits the time course of intrathecal ginsenosides and neostigmine, administered 10 min before the formalin injection. As illustrated, the duration of action of two drugs at the highest dose examined was nearly complete within the entire observation period. Intrathecal ginsenosides and neostigmine produced a dose-dependent reduction the flinching response during phase 1 and phase 2 in the formalin test ([Fig. 2](#F2){ref-type="fig"} and [3](#F3){ref-type="fig"}). The phase 1 ED~50~ values (95% confidence intervals) of ginsenosides and neostigmine were 131.9 µg (60.6-287.7 µg) and 0.8 µg (0.6-1.2 µg), respectively. The phase 2 ED~50~ values (95% confidence intervals) of ginsenosides and neostigmine were 125 µg (51.3-304.5 µg) and 0.4 µg (0.3-0.5 µg), respectively.

Isobolographic analysis revealed an additive interaction between ginsenosides and neostigmine during phase 1 and 2 in the formalin test ([Fig. 4](#F4){ref-type="fig"}). Accordingly, the ED~50~ values (95% confidence intervals) of ginsenosides in the mixture of ginsenosides and neostigmine for phase 1 and phase 2 were 56.9 µg (27.4-118.4 µg) and 46.9 µg (38.5-57.2 µg), respectively. These experimental ED~50~ values were not significantly different from the theoretical ED~50~ values in both phases. Each total fraction value for the mixture of ginsenosides and neostigmine in phase 1 and phase 2 were 0.86 and 0.75, which indicated an additive interaction.

Intrathecal pirenzepine, methoctramine, 4-DAMP (20 µg), and tropicamide reversed the antinociceptive effect of intrathecal ginsenosides during phase 1 and phase 2 in the formalin test ([Fig. 5](#F5){ref-type="fig"}).

No change of righting, placing-stepping, pinna and corneal reflexes was noted after intrathecal administration of ginsenosides and neostigmine.

RT-PCR detected the presence of M1-M4 receptor subtypes mRNA in the naive rat lumbar spinal cord. After formalin injection, M1 receptor mRNA levels were decreased, while M2-M4 receptor mRNA levels were not different from those of naive rats ([Fig. 6](#F6){ref-type="fig"}). In addition, no changes were seen on the mRNA levels of all of M1-M4 receptors expressed in formalin-injected rats after intrathecal administration of ginsenosides ([Fig. 6A](#F6){ref-type="fig"}).

Discussion
==========

In the current study, intrathecal ginsenosides and neostigmine inhibited the phase 1 and phase 2 flinching responses in the formalin test. In the formalin test, the phase 1 flinching response results from the immediate and intense increase of primary afferent activity, which reflects acute pain. On the other hand, the phase 2 response results from the activation of a wide dynamic range of dorsal horn neurons with a very low level of ongoing activity of primary afferent, which reflects a facilitated state. Therefore, these observations suggest that ginsenosides and neostigmine attenuate not only the facilitated state but also acute nociception at the spinal level, which are in agreement with previous studies \[[@B5],[@B6],[@B16]-[@B21]\].

On the other hand, an interesting part of this study was the relative effectiveness of drugs. The ED~50~ values of ginsenosides of phase 1 and phase 2 were similar, while the ED~50~ value of phase 1 was two-fold higher than that of phase 2 in neostigmine. These findings suggest ginsenosides seems to be equally effective on acute pain and the facilitated state, while neostigmine is much more effective on the facilitated state than on the acute pain.

Ginsenosides has been used in the Far eastern countries to treat various medical illnesses \[[@B1]\]. In particular, it has been shown to exhibit effectiveness against some types of pain in traditional folk medicine. Several animal researches have shown the antinociceptive activity of ginsenosides in the spinal cord. Intrathecal ginsenosides reduced substance P-induced, capsaicin-induced, formalin-induced and postoperative pain behaviors \[[@B4]-[@B6]\]. These findings provide a possibility that spinal ginsenosides may be an effective agent in the management of pain in clinics. However, it remains to be determined to date how and where ginsenosides acts to produce antinociceptive action. Previous studies have shown that ginsenosides inhibited voltage-dependent Ca^2+^ channels in sensory neurons \[[@B7],[@B8]\]. According to a recent study, however intrathecal Korean red ginseng produced a dose-dependent suppression of the flinching response in the rat formalin test and the antinociceptive effect was antagonized by non-selective muscarinic receptor antagonist \[[@B10]\]. In the current study, intrathecal M1-M4 receptor antagonists reversed the effect of ginsenosides. Furthermore, RT-PCR detected M1-M4 receptor mRNA in spinal cord. Previous behavioral and molecular experiments have shown the characteristics between muscarinic receptors and the antinociceptive activity. Intrathecally administered muscarinic agonist produced hot-plate and tail-flick antinociception through the activation of M1 and/or M2 receptors in the spinal cord \[[@B11]\]. Intrathecal muscarinic agonist resulted in strong antinociceptive effect in thermal stimulation, which was exclusively mediated by a combination of M2 and M4 receptors at the spinal level \[[@B12]\]. Electroacupunture-induced antiallodynia on neuropathic pain animal was mediated by spinal M1, but not M2 and M3 receptors \[[@B27]\]. M2 and M4, but not M3 contribute to the modulation of thermal-induced nociception at the spinal level \[[@B15]\]. Autoradiographic study showed the localization of M1 and M2 receptor in substantia gelatinosa of the human spinal cord \[[@B13]\]. Other autoradiographic study demonstrated the existence of M2, M3 and M4, but not M1, receptors in spinal cord \[[@B14]\]. With RT-PCR, M2, M3 and M4 receptors mRNA was present in the spinal cord \[[@B15]\], which is line with the present study. Therefore, these findings jointly suggest that M1-M4 receptors may contribute on the activity of ginsenosides at the spinal level. With respect to the molecular study, considering the antinociceptive property of muscarinic agonists, we expected the increase of the levels of expression of muscarinic receptors mRNA after formalin injection in the current study. However, those of M2-M4 receptors mRNA were little changed after formalin injection. Those observations suggest that the nociception induced by formalin injection is not sufficient to change of M2-M4 receptors mRNA expression or synthesis in the spinal cord. On the other hand, M1 mRNA level was rather decreased after formalin injection. Although this phenomenon has not been exactly explained, these findings suggest that M1 receptor agonist could be less effective to treat pain than M2-M4 receptors agonist. Previous studies have shown no change or different pattern of the expression of some receptors after formalin injection \[[@B5],[@B6]\]. More extensive researches are necessary to investigate those differences. Furthermore, muscarinic receptors mRNA levels measured after formalin injection were not affected by intrathecal ginsenosides, which suggest that ginsenosides themselves have no effect on the expression of muscarinic receptors in the spinal cord.

In the current study, intrathecal neostigmine attenuated phase 1 and phase 2 flinching responses of the formalin test as previous studies \[[@B16]-[@B21]\]. Unambiguously, intrathecal neostigmine exerts on muscarinic receptors in the spinal cord and produces an antinociception \[[@B21]\].

According to an isobolographic analysis, intrathecal ginsenosides additively interacted with neostigmine during phase 1 and phase 2 in the formalin test. These findings indicate that spinal ginsenosides cannot potentiate the antinociceptive effect of neostigmine alone in the formalin-induced nociceptive state. This is the first report to describe the property of drug interaction between ginsenosides and neostigmine at the spinal level.

A synergistic interaction is considered likely if basically different mechanisms contribute jointly to the observed actions of the two drugs at a given endpoint, such as antihyperalgesia. However, a synergistic interaction may not be expected if the mechanisms of action of one drug are involved in those of another drug. A previous study has shown that Korean red ginseng inhibited the formalin-induced flinching response and such antinociceptive effect was reversed by non-selective muscarinic receptor antagonist in the spinal cord \[[@B10]\]. Furthermore, in the current study, the antinociceptive effect of ginsenosides was reversed by selective M1-M4 receptor antagonists. These findings suggest that the antinociception of ginsenosides may be mediated by spinal muscarinic receptors. Therefore, ginsenosides and neostigmine may have common pharmacologic sites of action. Based on such observations, ginsenosides may not interact with neostigmine in a synergistic fashion. A previous study has also observed an additive interaction between intrathecal ginsenosides and clonidine \[[@B5]\].

Taken together, intrathecal ginsenosides and neostigmine produced an atinociceptive effect against the formalin-induced nociception and two drugs additively interacted. Additionally, M1-M4 receptors may be involved in the antinociceptive of ginsenosides at the spinal level.

![Time effect curve of intrathecal ginsenosides (A) and neostigmine (B) for flinching in the formalin test. Each drug was administered 10 min before the formalin injection. Formalin was injected at time 0. Data are presented as the number of flinches. Each line represents means ± SEM of 6-8 rats.](kjae-64-152-g001){#F1}

![Dose response curve of intrathecal ginsenosides for flinching in the formalin test. Data are presented as the percentage of control. Ginsenosides produced a dose-dependent inhibition of flinches in phase 1 (A) and phase 2 (B). Each line represents means ± SEM of 7-8 rats. Compared with control, ^\*^P \< 0.05, ^†^P \< 0.01.](kjae-64-152-g002){#F2}

![Dose response curve of intrathecal neostigmine for flinching in the formalin test. Data are presented as the percentage of control. Neostigmine produced a dose-dependent inhibition of flinches in phase 1 (A) and phase 2 (B). Each line represents means ± SEM of 6-8 rats. Compared with control, ^\*^P \< 0.05, ^†^P \< 0.01.](kjae-64-152-g003){#F3}

![Isobologram for the interaction between intrathecal ginsenosides and neostigmine during phase 1 (A) and phase 2 (B) in the formalin test. The ED~50~ values for each agent are plotted on the X- and Y-axes, respectively. Horizontal and vertical bars indicate confidence intervals. The straight line connecting each ED~50~ value is the theoretical additive line and the point on this line is the theoretical additive ED~50~. The experimental ED~50~ point was not significantly different from the theoretical ED~50~ points, indicating an additive interaction.](kjae-64-152-g004){#F4}

![The effect of intrathecal muscarinic receptor antagonists to intrathecal ginsenosides (300 µg) during phase 1 (A) and phase 2 (B) in the formalin test. Antagonists and ginsenosides were administered intrathecally 20 min and 10 min before formalin injection, respectively. Data are presented as the percentage of control. All of intrathecal muscarinic receptor antagonists reversed the effect of intrathecal ginsenosides in both phases. C: control, G: ginsenosides, M1, M2, M3, M4: antagonists of M1, M2, M3, M4, respectively. Each bar represents as means ± SEM of 5-7 rats. Compared with ginsenosides, ^\*^P \< 0.05, ^†^P \< 0.01, ^‡^P \< 0.001.](kjae-64-152-g005){#F5}

![The expression of muscarinic receptor subtypes (M1-M4) mRNA in the spinal cord of rats. RT-PCR analysis revealed M1, M2, M3, M4 receptors mRNA, and β-actin in naïve state (A). 5F: 5 min after formalin injection, 35F: 35 min after formalin injection, G: ginsenosides. Quantitative analysis indicated that formalin injection reduced the level of expression of M1 receptor mRNA (B), but not the levels of M2-M4 receptor mRNA. Intrathecal ginsenosides did not affect the mRNA levels of all of muscarinic receptors mRNA in formalin-injected rats. Each bar represents as mean ± SEM of 4 rats. Compared with naïve, ^\*^P \< 0.05.](kjae-64-152-g006){#F6}
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